Objective-To characterize the genetic and clinical correlates of soluble P-selectin, and the relationship of P-selectin to atherosclerotic risk, in young European-American (EA) and African-American (AA) adults. Methods and Results-We assessed the interrelationships between 25 common SELP polymorphisms, soluble P-selectin, and atherosclerotic risk in 1222 EA and 1072 AA from the longitudinal population-based CARDIA study. Male sex, smoking, blood pressure, and metabolic status were strong cross-sectional correlates of soluble P-selectin among CARDIA subjects aged 33 to 45 years, explaining 13% of the variance. Among EAs, higher soluble P-selectin predicted carotid intima-media thickness (IMT) measured 5 years later, even after accounting for traditional risk factors. Common SELP nucleotide sequence variants explained 11% and 5% of the interindividual variation in soluble P-selectin levels in EAs and AAs, respectively. Four distinct variants contributed to P-selectin phenotype in EAs, including a polymorphism of the 5Ј SELP haplotype block associated with carotid IMT. Half of the phenotypic variation attributable to SELP in EAs could be explained by the Thr715Pro polymorphism, whereas Val599Leu was more strongly associated with soluble P-selectin among AAs.
study, we assessed (1) cross-sectional relationships among multiple common SELP polymorphisms, soluble P-selectin levels, and atherosclerotic risk factors; and (2) the ability of soluble P-selectin and SELP genotype to predict future carotid atherosclerosis.
Methods
Study Participants, Soluble P-Selectin Levels, SELP Genotyping, and Carotid Ultrasound CARDIA study recruitment and data collection procedures are described under Supplemental Methods (available online at http:// atvb.ahajournals.org). As part of the Young Adult Longitudinal Trends in Antioxidants (YALTA) study, an ancillary study to CARDIA, soluble P-selectin levels were measured and genotyping for the Thr715Pro polymorphism performed on 2950 participants who attended the year 15 examination (age range 33 to 45 years). Soluble P-selectin levels were measured by enzyme-linked immunosorbent assay (R & D systems Inc; Cat No: BBC 6) using a 1:5 dilution of plasma at the University of Minnesota. Genotype data for 24 additional SELP gene SNPs were available on a subset of 2294 of these YALTA study participants through the Inflammation Genomics and Atherosclerosis project (IGAP), another CARDIA ancillary study. SELP polymorphism discovery, SNP selection, and genotyping are described under Supplemental Methods. Carotid intimalmedial wall thickness (IMT) was determined by B-mode ultrasound at the CARDIA year 20 examination on 1911 eligible participants, as described under Supplemental Methods.
Statistical Analysis
Multiple linear regression was used to determine the cross-sectional associations of cardiovascular risk factors and other participant characteristics with year 15 soluble P-selectin as the dependent variable, adjusted for other covariates. Linear regression coefficients indicate the mg/L change in soluble P-selectin per indicated unit (SD for continuous variables or category for discrete variables). Multiple linear regression models were similarly used to determine the association between quartile of soluble P-selectin measured at year 15 and mean standardized IMT measured at year 20 as the dependent variable, adjusted for other year 15 participant characteristics and risk factors.
Hardy-Weinberg equilibrium and pair-wise linkage disequilibrium statistics (r 2 and DЈ) were calculated using JLIN. 17 Percentage of African ancestry among self-identified CARDIA was estimated from a genome-wide set of ancestry informative markers, as previously described. 18 Associations between soluble P-selectin and individual SNPs were assessed using multiple linear regression models, separately for EAs and AAs. For each SNP, genotypes were coded as 0, 1, or 2 copies of the minor allele, assuming an additive genetic model. Regression models were adjusted for age, sex, clinic, education, smoking status, BMI, systolic blood pressure, LDL-cholesterol, log (triglycerides), fasting glucose (and % African ancestry in AAs), all of which were cross-sectional correlates of soluble P-selectin. In EA, we performed a second regression model additionally adjusting for the effect of Thr715Pro (rs6136). The covariate-adjusted SNP-specific effect size was estimated from the regression coefficients as the amount of change in plasma P-selectin (mg/L) associated with each additional copy of the minor allele in comparison with the baseline common homozygote. In sensitivity analyses, we ran additional regression models that included separate terms for the heterozygous and uncommon homozygote genotype groups; the results confirmed that additive models are a reasonable assumption for P-selectin genotype-phenotype associations. In the 3 instances in which homozygosity for the minor allele was uncommon (Ͻ10 participants per genotype) within a particular population sample, there was no evidence that the results from additive models were skewed by the small size of the rare homozygous genotype. To account for testing of multiple correlated SNPs, we adjusted the experiment-wide significance threshold to keep the type I error rate at 5% by using permutation testing. 19 After 1000 permutations, we took the fifth percentile of these minimum probability values as the new multiple-testing corrected threshold for the probability values obtained with the original data. Haplotype association analyses were performed within regions of strong linkage disequilibrium using a generalized linear-regression framework that incorporates haplotype phase uncertainty, as implemented in the haplo.stats package for R. 20 Once a "global" haplotype association was identified, we performed additional analyses to further localize haplotype and individual SNP effects by constraining regression parameters across various haplotypes and testing nested models using the conditional haplotype-based likelihood ratio test method of Purcell et al. 21 Multiple linear regression models were used to determine the association between individual SNPs and mean standardized IMT measured at year 20 as the dependent variable, adjusted for age, sex, and other atherosclerotic risk factors at the year 20 examination (hypertension, diabetes, smoking, BMI, and LDL-and HDL-cholesterol).
Results

Cross-Sectional Correlates of Soluble P-Selectin at Year 15
Study participant characteristics are summarized in supplemental Table I . Higher soluble P-selectin levels were associated with male sex, smoking, BMI, blood pressure, LDL cholesterol, triglycerides, and fasting glucose (age, sex, race, and clinic-adjusted probability values all Ͻ0.001). When all variables were entered into a multivariable regression model, sex, smoking status, blood pressure, LDL cholesterol, triglycerides, and fasting glucose remained associated with soluble P-selectin in the CARDIA cohort (Table 1) . When stratified by self-reported ethnicity, the association with LDL cholesterol levels appeared to be confined to EAs (probability value for ethnicity interactionϭ0.02). Together, the proportion of variance in soluble P-selectin levels explained by race, sex, smoking, and other atherosclerotic risk factors was 13% in the study sample overall, and dropping race as a covariate from each model, 15% in EAs and 10% in AAs.
Among self-identified AAs, each SD increase in % African ancestry was significantly associated with lower (bϭϪ1.09; 95%CI Ϫ0.41 to Ϫ1.77; Pϭ0.002) age-, sex-, clinic-, and education-adjusted soluble P-selectin levels. Additional covariate adjustment for smoking, blood pressure, BMI, lipids, and glucose had little effect on the association between African ancestry and soluble P-selectin in AAs (bϭϪ1.03, 95%CI Ϫ0.36 to Ϫ1.71; Pϭ0.002). In contrast, on adjustment for the effect of SELP genotypes, the magnitude of the African ancestry-soluble P-selectin association in AAs was greatly attenuated (bϭϪ0.17, 95%CI Ϫ0.96 to ϩ0.62) and no longer statistically significant (Pϭ0.67).
SELP Polymorphism Linkage Disequilibrium
Genotype distributions of the 25 SELP polymorphisms were in Hardy-Weinberg equilibrium in both the EA and AA CARDIA cohorts. On the basis of pair-wise DЈ measurements between SNPs, the SELP gene region could be divided into 2 segments showing little evidence of historical recombination: SNPs 1 through 13 (haplotype block 1) and SNPs 16 through 25 (haplotype block 2) (supplemental Figures I and II) . The selection of multiple tagSNPs from some of the larger LD bins during our SNP selection procedure accounted for the high correlation between several of the typed SNPs.
Association Between SELP Polymorphisms and Soluble P-Selectin at Year 15
Overall, SELP genotype was significantly associated with soluble P-selectin levels in both EAs and AAs (global permutation probability values 0.001 and 0.005, respectively). When SELP SNP genotypes were combined together with atherosclerotic risk factors and other participant characteristics, the proportion of variance explained in P-selectin levels was 20%. The minor allele frequencies and specific pattern of allelic association differed between EA and AA ( Table 2 ). Ten of the 25 SNPs tested were associated with soluble P-selectin levels in EAs, whereas fewer SNPs (5 of 25) were associated with soluble P-selectin levels in AAs. Overall, SELP multi-locus genotype explained 11% of the interindividual phenotypic variation in EAs and 5% of the variance in AAs.
The Thr715Pro polymorphism (rs6136) showed the largest association with soluble P-selectin levels in EAs, explaining 7% of the phenotypic variance. When adjusted for biodemographic factors, each additional copy of the minor Pro715 allele was associated with 6.63 (95%CI 4.96 to 7.27) mg/L lower soluble P-selectin levels, which is equivalent to an approximately 15% reduction in the mean EA population P-selectin level per copy of the Pro715 allele. The Pro715 variant was considerably less common among AAs (allele frequency 2%).
In EAs, a number of SNPs located within the 5Ј haplotype block 1 of SELP were significantly associated with soluble P-selectin. These associations were only slightly attenuated on additional adjustment for the effects of the Thr715Pro polymorphism ( Table 2 ). On conditional haplotype testing ( Supplemental Table II ), H1.2, H1.5, and H1.6 were all homogeneously associated with decreased P-selectin levels by comparison to H1.1 (Pϭ0.0002), whereas no difference was observed between H1.1 and H1.3 (Pϭ0.45). Moreover, after adjusting for the SNP12 effect, block 1 haplotypes were no longer associated with P-selectin (Pϭ0.45 and Pϭ0. 22 in EAs and AAs respectively; supplemental Table II ). These results putatively localize the observed block 1 haplotype association to rs2235302. There was no significant block 1 SNP or haplotype association with P-selectin among AAs.
In addition to rs6136 or Thr715Pro (SNP23 which uniquely tags haplotype H2.5), several SNPs located within haplotype block 2 were independently associated with lower P-selectin (Table 2 and Supplemental Table III ). SNP21 (rs6133 or Val599Leu), which tags H2.2 in EAs and AAs and H2.6 in AAs, was associated with lower soluble P-selectin in both populations. In AAs, adjustment for the individual effect of SNP21 (or any of the SNPs in strong LD) abolished the global haplotype block 2 -soluble P-selectin association (supplemental Table III ). Haplotype H2.3 (containing the minor alleles of SNP 18, SNP20, and SNP25) was associated with higher P-selectin in EAs, even after adjusting for the effects of H2.2 and H2.5 (conditional likelihood ratio test probability valueϭ0.01). Conditional analysis of EA global SELP haplotypes constructed from SNP12 (rs2235302), SNP21 (rs6133), SNP23 (rs6136), and SNP25 (rs3917854), controlling for any remaining haplotype effects present in both block 1 and block 2, confirmed the independent effects of each of the 4 SELP variants: conditional probability values for SNP12, SNP21, SNP23, and SNP25 were 2ϫ10 Ϫ5 , 0.004, 6ϫ10 Ϫ9 , and 0.009, respectively.
SELP Genotype, Year 15 Soluble P-Selectin, and Year 20 Carotid IMT
When adjusted for age, sex, and recruitment site, year 15 soluble P-selectin was associated with a graded increase in carotid IMT measured at year 20; the association was stronger among EA than AA (Table 3) . When additionally adjusted for other cardiovascular risk factors, the soluble P-selectin-IMT association was attenuated, but remained significant among EA. Thr715Pro and several 5Ј block 1 haplotype SNPs were nominally associated with carotid IMT (PϽ0.05) among EAs, but not among AAs (supplemental Table IV ). The IMT associations were consistent with the direction of the SNP-soluble P-selectin associations, and the SELP genotype -IMT associations were independent of other vascular risk factors at the year 20 examination. The 5Ј block SNP4 (rs2236866) and SNP12 (rs2235302 IMT) associations reached the experimentwide significance threshold in EAs (PϽ0.0036). Comparing EA subjects in the upper 20% distribution of IMT to those in the lower 20% distribution of IMT, the frequency of the rs2235302 G allele was 58% versus 48% (covariateadjusted odds ratio per each additional G alleleϭ1.53, 95%CI 1.04 to 2.26; Pϭ0.03). Conditional analysis of EA haplotype block 1 and also global SELP haplotypes constructed from SNP12 (rs2235302), SNP21 (rs6133), SNP23 (rs6136), and SNP25 (rs3917854) confirmed that the 5Ј block 1 variant SNP12 (rs2235302) accounted for the majority of the SELP association with IMT and suggested the association between SNP4 and IMT was most likely attributable to LD with SNP12 (data not shown).
Discussion
In the large population-based CARDIA cohort, atherosclerotic risk factors were highly correlated with soluble P-selectin concentration measured at the year 15 examination.
Year 15 soluble P-selectin predicted carotid IMT at year 20 among EAs, even after accounting for traditional risk factors. Multiple common SELP nucleotide sequence variants were independently associated with soluble P-selectin, but the magnitude and allelic patterns of association differed between populations. Thr715Pro had the strongest influence on soluble P-selectin in EAs, whereas Val599Leu was more strongly associated among AAs. An additional polymorphism (rs2235302) located within the 5Ј region of SELP was associated with both soluble P-selectin and carotid IMT among EA.
The cross-sectional association of soluble P-selectin with various cardiovascular risk factors is consistent with previous reports. [3] [4] [5] [6] In the combined Framingham Offspring (EA) and Omni minority cohorts, 5 the proportion of interindividual variability in soluble P-selectin explained by clinical factors was 10%, similar to the 13% explained among CARDIA participants. Circulating P-selectin concentration has been reported to be lower in individuals of African origin relative to Europeans and South Asians living in England. 6 In the Framingham and Omni cohorts, soluble P-selectin was higher among ethnic minority participants (comprised of African-, Hispanic-and Asian-Americans) than among EA participants. 5 In CARDIA, self-reported ethnicity was not strongly correlated with soluble P-selectin. Regional environmental or genetic factors, including recent admixture, might account for some of the discrepant findings among studies. Notably, we did find that higher African ancestral proportions were associated with lower P-selectin levels among selfidentified AA participants from CARDIA; the ancestry association persisted after adjustment for various atherosclerotic risk factors, some of which also tend to differ by ethnicity. It is interesting to note that adjustment for SELP genotype greatly attenuated the ancestry-soluble P-selectin association. These results suggest that the allelic heterogeneity between Africans and Europeans at the SELP locus may account at least in part for the association of soluble P-selectin with genetic ancestry.
By using SNP discovery data from SeattleSNPs we were able to assess in a relatively comprehensive manner the major patterns of polymorphism across the SELP gene in European and African populations. Our data from CARDIA are consistent with a recent report from Framingham that the SELP locus explains Ϸ13% of the interindividual variation in soluble P-selectin measured in plasma. 5 A higher proportion of 25% variance explained was reported by Marteau et al, 16 who measured serum P-selectin levels. Thr715Pro polymorphism, which predicts a conformational change near the proteolytic cleavage site of the membrane-bound form of P-selectin, 5, 16 accounts for the majority of the influence of the SELP gene region among EAs. The lower amount of phenotypic variance explained by SELP genotype among AAs from CARDIA (5%) may reflect the lower frequency of the Pro715 allele among African descent populations, 14, 15 or lower linkage disequilibrium coverage among AAs (50%) than EAs (80%) in the current study (attributable to the greater SELP nucleotide diversity among Africans relative to Europeans and issues related to SNP assay design).
The Leu599 allele (rs6133) is more common among AA than EA and was associated with lower soluble P-selectin in both populations. Our results confirm recent findings from the Framingham cohort 5 and the STANISLAS family study 16 that Val599Leu is associated with lower soluble P-selectin independently of Thr715Pro. Val599Leu is located near the transmembrane domain of P-selectin in a region that may have a functional role in P-selectin/leukocyte interaction, 22 and the amino acid substitution is predicted to be functionally deleterious. 23 In addition, we identified a new block 2 association with soluble P-selectin in EAs (haplotype 2.3 which is tagged by several intronic SNPs including rs3917854) that was independent of either Val599Leu or Thr715Pro.
The association of the 5Ј block 1 SNP (rs2235302) with both soluble P-selectin and carotid IMT, along with the ability of soluble P-selectin measured during young adulthood to predict carotid IMT, support experimental evidence from animal models of the importance of P-selectin in the early stages of atherogenesis. 24 -27 The 5Ј SELP SNP (rs2235302) is in strong linkage disequilibrium with 2 other typed noncoding SNPs tagging haplotype 1.1 (including rs2236866, rs2235302), as well as with a Ϫ2123 C/G promoter polymorphism (rs1800807) reported to be associated with higher soluble P-selectin. 12 The Ϫ2123 C/G promoter polymorphism is located within a putative transcription factor binding site for c-Ets-1. 28 However, the precise functional sites responsible for the difference in P-selectin levels associated with SELP 5Ј haplotype block remains to be determined. The reason for the stronger association observed between the 5Ј SELP polymorphisms and IMT relative to the Thr715Pro association (which was more strongly associated with soluble P-selectin) is not immediately apparent. One possible explanation is that the 5Ј variants have a more pronounced effect on cellular P-selectin expression, whereas Thr715Pro or Val599Leu may preferentially affect the amount of the soluble form released into plasma. Further assessment of the relationship between SELP genotype, soluble P-selectin, and cellular P-selectin expression, and the mechanism by which the soluble form is derived the cellular form, will be required to resolve this question.
In summary, clinical factors and multiple common SELP polymorphisms are associated with soluble P-selectin, albeit with differences between populations in the specific patterns of genotype-phenotype association. Because the genetic and clinical factors studied accounted for only Ϸ20% the interindividual differences in circulating P-selectin, a substantial amount of the phenotypic variance still remains to be explained. Studies that assess the role of less common SELP gene polymorphisms, additional variants outside the SELP gene, and including diverse ethnic groups, along with functional studies, may help to characterize additional factors that influence soluble P-selectin. Further elucidation of the role of P-selectin genotype and phenotype in occurrence of subclinical atherosclerosis in humans ultimately may have important implications for identifying younger individuals at high risk for future cardiovascular events, 28, 29 as well as developing antiatherosclerotic therapies targeted at cellular adhesion molecules. 26
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